Abstract. Epithelial-mesenchymal transition (EMT) has been reported to play an important role in the migration and invasion of tumor cells. Hematopoietic pre-B-cell leukemia transcription factor (PBX)-interacting protein (HPIP/PBXIP1) has emerged as an important regulator of the development of cancer. However, the role of HPIP in lung cancer is unclear. Thus, in the present study, we investigated the role of HPIP in transforming growth factor (TGF)-β1-induced EMT in A549 lung cancer cells in vitro. Our data demonstrated that HPIP was overexpressed in the lung cancer cell lines. TGF-β1 increased the expression of HPIP in the A549 cells. In addition, HPIP silencing significantly attenuated TGF-β1-induced EMT and migration/invasion in the A549 cells. Furthermore, knockdown of HPIP greatly inhibited TGF-β1-induced phosphorylation of Smad2 in the A549 cells. In conclusion, we demonstrated that HPIP silencing suppressed TGF-β1-induced EMT in lung cancer cells by inhibiting Smad2 activation. Therefore, HPIP may be a new therapeutic target for the treatment of lung cancer.
Introduction
Lung cancer is one of the most malignant cancers, and the incidence of lung cancer has been rising steadily during the past few decades (1, 2) . Despite recent advances in the treatment of lung cancer, the molecular mechanisms underlying lung cancer remain unclear and the prognosis for patients with advanced lung cancer remains dismal.
Increasing lines of evidence suggest that epithelial-mesenchymal transition (EMT) plays an important role in cancer progression, invasion and metastasis (3) (4) (5) . It is defined by the loss of epithelial characteristics and the acquisition of a motile, invasive and migratory mesenchymal phenotype (6) . Moreover, transforming growth factor (TGF)-β1 is a multifunctional cytokine and is involved in many biological processes including cell proliferation, differentiation and migration (7) . Previous studies have demonstrated that TGF-β1 induces EMT to promote lung adenocarcinoma invasion and metastasis. Therefore, inhibition of TGF-β1 signaling pathway-mediated EMT may yield beneficial therapeutic effects for cancer patients with advanced metastasis.
Hematopoietic pre-B-cell leukemia transcription factor (PBX)-interacting protein (HPIP/PBXIP1), a corepressor of the transcription factor PBX, is involved in organogenesis and tumorigenesis. Feng et al reported that HPIP is upregulated in gastric cancer and induces gastric cancer cell migration and invasion, and modulates EMT (8) . HPIP was also found to be overexpressed in astrocytoma and to promote proliferation and migration of astrocytoma cells (9) . However, the role of HPIP in lung cancer is unclear. Thus, in the present study, we investigated the role of HPIP in TGF-β1-induced EMT in A549 lung cancer cells in vitro.
Materials and methods
Cell culture and treatment. Lung cancer cell lines (A549, 95D and H1299) and one normal human bronchial epithelial (HBE) cell line were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) under a humidified incubator that was maintained at 37˚C and supplied with 5% CO 2 and 95% air. Then, A549 cells were treated with TGF-β1 (10 ng/ml) for different periods of time.
RNA preparation and reverse transcription quantitative PCR (RT-qPCR).
Total RNA was extracted from cells with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions, and 1 µg of each was used for reverse transcription using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The primer sequences used are as follows: HPIP forward, 5'-GTCCCCTC GAGGAGTTGTGT-3' and reverse, 5'-ATCTTCCATCATCT GAGGGC-3'; β-actin forward, 5'-CATGTACGTTGCTATCC AGGC-3' and reverse, 5'-CTCCTTAATGTCACGCACGAT-3'. The steps for PCR were performed as follows: 35 cycles of denaturation at 94˚C for 30 sec, annealing at 54˚C for 30 sec, and polymerization at 72˚C for 30 sec. Cell migration assay. Cell migration was determined using a modified Boyden chamber model (Transwell apparatus, 8.0-µm pore size; Costar, Cambridge, MA, USA). Briefly, A549 cells (1x10 5 cells/well) transfected with siRNA-HPIP or mock were seeded onto the upper chamber containing serum free culture medium. In addition, 500 µl of medium supplemented with 10% FBS was added to the lower compartment. After incubation for 24 h, all non-migrant cells were removed from the upper faces of the Transwell membranes with a cotton swab and the migrated cells were fixed and stained with 0.1% crystal violet. Migration was quantified by counting the number of stained cells per 100 x field (high power field) in images captured with a microscope.
Cell invasion assay. The invasiveness of RPE cells was examined using a Matrigel-coated modified Boyden chamber. Briefly, the A549 cells (1x10 5 cells/well) transfected with siRNA-HPIP or mock were seeded onto the upper chamber containing serum-free culture medium. The lower compartment of the chamber was filled with culture medium containing 10% FBS, and a nitrocellulose filter was placed in it. After incubation for 24 h, the cells on the upper surface were removed, and cells on the lower filters were fixed with 95% methanol and stained with 0.1% crystal violet. Then the number of migrated cells was counted under a microscope.
Statistical analysis. All data are expressed as mean ± SD. One-way analysis of variance (ANOVA) was used for multiple sample analysis. P<0.05 was considered to be statistically significant.
Results

HPIP is highly expressed in lung cancer cell lines.
To investigate the role of HPIP in the tumorigenesis of lung cancer, we detected the HPIP expression in three lung cancer cell lines and normal HBE cells. Compared with the HBE cells, HPIP expression was higher in the A549, 95D and H1299 cells than the expression noted in the HBE cells (Fig. 1A) . Western blotting showed similar results (Fig. 1B) .
TGF-β1 increases the expression of HPIP in lung cancer cells.
To determine whether the observed changes in HPIP expression were associated with TGF-β1-mediated EMT, we investigated the effect of TGF-β1 on the expression levels of HPIP in the A549 cells. As shown in Fig. 2 , TGF-β1 treatment significantly increased the expression of HPIP at both the mRNA and protein levels in the A549 cells, in a time-dependent manner.
HPIP silencing significantly attenuates TGF-β1-induced EMT in lung cancer cells. To evaluate the effect of HPIP on lung cancer carcinogenesis, we detected the EMT phenotype after HPIP was downregulated. Through RNAi, a stable HPIP-knockdown clone in A549 cells and negative control (mock) clone were generated. As shown in Fig. 3A, siRNA-HPIP significantly decreased HPIP expression in the A549 cells, as compared with the level in the mock group.
TGF-β1 has been reported to induce EMT in A549 lung cancer cells (10) . Thus, we investigated the effect of HPIP on TGF-β1-induced EMT in A549 cells. As previously reported, treatment with TGF-β1 markedly induced the expression of N-cadherin and inhibited the expression of E-cadherin. However, knockdown of HPIP significantly suppressed TGF-β1-mediated upregulation of N-cadherin and suppression of E-cadherin in the A549 cells ( Fig. 3B and C) .
HPIP silencing significantly attenuates TGF-β1-induced migration and invasion in lung cancer cells. EMT has been
indicated as a key step in the initiation of cancer cell migration. Thus, we evaluated the effect of HPIP on TGF-β1-induced migration and invasion in A549 cells. As shown in Fig. 4A , treatment with TGF-β1 obviously promoted A549 cell migration. However, knockdown of HPIP significantly inhibited TGF-β1-induced migration. Consistent with the results of the Transwell assay, knockdown of HPIP greatly inhibited A549 cell invasion induced by TGF-β1 (Fig. 4B) .
HPIP silencing inhibits the TGF-β1/Smad2 signaling pathway in A549 cells. TGF-β1-induced EMT is mediated through Smad signaling pathways. Therefore, we examined whether HPIP silencing suppresses TGF-β1-induced phosphorylation of Smad2. As shown in Fig. 5 , western blotting showed that TGF-β1 treatment promoted the phosphorylation of Smad2, which was significantly decreased by siRNA-HPIP in the A549 cells.
Discussion
In the present study, we showed for the first time a role of HPIP as an oncogene in lung cancer. First, HPIP was overexpressed in the lung cancer cell lines. Second, TGF-β1 increased the expression of HPIP in the lung cancer cells. Third, HPIP silencing significantly attenuated TGF-β1-induced EMT and migration/invasion in the lung cancer cells. Finally, knockdown of HPIP greatly inhibited the TGF-β1-promoted phosphorylation of Smad2 in the A549 cells. The expression level of HPIP has been found to be significantly associated with tumor progression and metastasis in several malignant tumors including liver, breast and colorectal cancer (11) (12) (13) . Recently, Wang et al demonstrated that the expression of HPIP is upregulated in thyroid carcinoma cell lines (14) . Consistently, in this study, we observed that HPIP was highly expressed in the lung cancer cell lines. Furthermore, TGF-β1 is a multifunctional cytokine that regulates a wide range of cellular functions. It was reported that blood levels of TGF-β1 are elevated in patients with lung cancer when compared with normal patients (15) , and increased production of TGF-β by cancer cells during tumor progression can promote tumor growth, angiogenesis, and metastasis (16) . In the present study, we observed that TGF-β1 treatment significantly increased the expression of HPIP in lung cancer cells. Accordingly, these results clearly suggest that HPIP functions as an oncogene in lung cancer.
It has been reported that EMT contributes to increased metastatic progression in the development of cancer (3, 17, 18) . Increasing evidence suggests that loss of E-cadherin function or high expression of vimentin are common in lung cancer and are correlated with poor patient prognosis (19, 20) . Moreover, in vitro evidence clearly demonstrates that TGF-β1 stimulates EMT in lung cancer cells (21) . In the present study, we found that knockdown of HPIP significantly suppressed TGF-β1-mediated upregulation of N-cadherin and suppression of E-cadherin in A549 cells. We also found that HPIP silencing significantly attenuated TGF-β1-induced migration and invasion in the A549 cells. These results suggest that knockdown of HPIP inhibits TGF-β1-induced EMT in A549 cells, thus inhibiting lung cancer cell migration and invasion.
Altered TGF-β signaling has been implicated in tumor development and progression. It is known that TGF-β1 transmits intracellular signals via the Smad pathway (22) . After TGF-β1 stimulation, Smad2 and Smad3 are phosphorylated, and then phosphorylated Smad2 and Smad3 form heteromeric complexes with a mediator Smad4. These Smad2/3/4 complexes translocate to the nucleus, where they control specific target genes by binding with transcription factors, and subsequently induce development of EMT in cancer cells (23) . Smad3 is considered to be the primary signaling molecule in mediating EMT in many types of tumors (24, 25) . However, EMT in several types of cancer cells has been shown to depend on Smad2 signaling (26, 27) . In addition, several investigators have shown that the A549 lung cancer cell line undergoes EMT upon TGF-β1 treatment (7, 28, 29) . In the present study, we examined the effect of HPIP on the expression of Smad2 in TGF-β1-induced A549 cells and found that HPIP silencing inhibited activation of Smad2 in TGF-β1-induced EMT. These results suggest that HPIP silencing inhibits TGF-β1-induced EMT in lung cancer cells by inhibiting Smad2 activation.
In conclusion, we demonstrated that HPIP silencing suppressed TGF-β1-induced EMT in lung cancer cells by inhibiting Smad2 activation. Therefore, HPIP may be a new therapeutic target for the treatment of lung cancer.
